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Abstract 
Machining of typical difficult-to-machine alloys such as Ti- and Ni-based ones is a challenge that needs to be addressed by the
industry. Conventional machining (CT) of such alloys causes high cutting forces imposed by a tool on a work-piece, resulting in
high stresses, strains and temperatures in the turned material. Conventional machining of Ti- and Ni-based alloys is typically
characterized by low depths of cuts and relatively low feed rates. The material removal rate (MRR) for them is generally low when
compared to that for other ferrous and non-ferrous alloys, increasing machining costs. In the present work, a novel machining
technique, known as Ultrasonically Assisted Turning (UAT) [1-4], is shown to dramatically improve machining of these intractable
alloys. The developed machining process is capable to increase greatly the MRR when compared to CT with an improved surface
quality of the turned work-piece. The measured average cutting forces are significantly lower in UAT that in CT for the same
machining parameters. 
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1. Introduction 
Ti- and Ni-based super-alloys are in a widespread use 
for advanced applications in the aerospace, energy, 
medical and automotive industries. Ti alloys offer high 
tensile strength, high hardness and increased fatigue 
resistance [1]. Ni-based super-alloys demonstrate high 
corrosion resistance with high tensile strength even at 
high temperatures [2]. However, these excellent 
mechanical properties are paired with poor thermal 
conductivity, high abrasivity and high chemical affinity 
with common cutting tool materials, thus making their 
machining a difficult process [3, 4]. Machining of these 
alloys is characterized by low cutting speeds and depths 
of cut, which implies a low material removal rate 
(MRR). This is generally not desirable in industrial 
machining since it increases a time needed to produce a 
finished work-piece [5]. Furthermore, low thermal 
conductivity of such alloys ultimately leads to localized 
heat zones on the flank and rake faces of the tool, 
accelerating tool wear that shortens tool life. Coolant 
fluids are generally used in machining of Ti- and Ni-
based alloys for cooling and lubrication to dissipate the 
heat generated in an attempt to reduce tool wear and
improving tool life. However, such fluids are expensive
to dispose of in an environmentally friendly way. It is
widely reported that the handling and disposal of the
cutting fluids take large parts of the overall machining
costs [6]. Thus, dry machining of Ti- and Ni-based
alloys is of great interest since it reduces the carbon
footprint and allows for sustainable manufacturing of
engineering components. 
The high hardness of the machined alloys generates
high cutting forces, however high intensity ultrasonic
vibration are known to reduce the hardness of the
material via a process known as ultrasonic softening[7,
8, 9]. This desirable effects is exploited in ultrasonically
assisted machining, an advanced machining technique,
which has been investigated for several decades but it
was only recently introduced in a commercial
manufacturing environment [10]. In this technique, a
high-frequency, low-amplitude vibration is
superimposed on the cutting tool during the machining
process. Several experimental tests demonstrated
noticeable changes in the machinability of the work-
piece material when subjected to vibratory cutting
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conditions [11]. An intermittent character of tool-work-
piece interaction and a low fraction of cycle that the tool 
is in a contact with a turned material contributes to lower 
average cutting forces, and eventually improves 
machinability.  
The use of ultrasonic vibration during turning 
(namely, Ultrasonically Assisted Turning (UAT)) was 
previously attempted in several cutting setups [12, 13, 
14] for difficult-to-machine materials (metal alloys, 
ceramics, borosilicate glasses). While each material 
respond in its peculiar way to ultrasonic vibration [8, 9], 
it was observed that when it was applied along a 
direction parallel to the cutting velocity in turning, the 
highest reduction of cutting forces was observed along 
with a noticeable reduction in the chatter during the 
machining operations [12, 13]. Intractable metallic 
alloys such as Ti- and Ni-based ones are widely used in 
aerospace industry. These alloys, though different in 
their chemical composition, have similar levels of 
hardness and ultimate tensile strength but show variation 
in machinability not only in CT but also in UAT. 
Surface finish of the machined work-pieces was also 
observed to differ. In this paper we  compare and 
contrast the machinability of these two advanced alloys 
in CT and UAT and provide recommendations for the 
advanced machining of these alloys. 
1.1.  Experimental setup 
A Harrison M300 conventional lathe was extensively 
modified at Loughborough University, UK to 
accommodate the ultrasonic cutting head allowing for a 
precise setting of the cutting depth (ap). Specifications of 
the lathe are presented in Table 1. 
Table 1: Specification of Harrison M300 lathe 
Spindle speed range[rpm] 40-2500 
Motor power [kW] 2.2 
Height of centres [mm] 167 
Tailstock quill diameter [mm] 42 
Cross slide width [mm] 140 
Cross slide X travel [mm] 190 
Cutting depth precision [μm] ±10 
 
In a UAT setup, a standard Langevin-type 
piezoelectric ultrasonic transducer was mounted on a 
solid aluminum wave-guide terminating in a 
concentrator, which amplifies the maximum 
displacement at the tool tip. The complex shape of the 
ultrasonic cutting head requires a custom tool post 
[Figure 1] to be designed for mounting on the lathe cross 
slide. 
 
Figure 1: Custom tool post and cutting head 
The cutting tool was fixed onto a machined titanium
tool holder that, in its turn, was fixed directly on the
concentrator. Titanium was chosen due to its high
stiffness and low density, thus reducing the damping
effect on vibration generated by the transducer. 
 
 
Figure 2: Schematics of tool-work-piece directions and movements. 
Precise control of the depth-of-cut was achieved by
the use of a micrometric dial gauge with an accuracy of
±10 μm, zeroed before each turning operation. In order
to measure the cutting forces continuously during the
machining operations, the ultrasonic head was attached
to a three-component force plate manufactured by
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Kistler (Kiag 9257). This dynamometer is capable of 
measuring forces up to 5 kN with a maximum frequency 
of 2.5 kHz. 
In order to monitor the amplitude of the vibration of 
the cutting tool, a non-contact measurement technique is 
employed with a Polytec laser vibrometer capable of 
acquiring the vibration amplitude with a resolution of 
0.08 μm up to a maximum velocity of 10 m/s. It was 
observed that the system’s resonance response was flat 
enough to be insensitive to any frequency variations 
during the cutting operations up to a depth of cut of 800 
μm. In all our UAT experiments a frequency of 17.8 
kHz with peak-to-peak amplitude (for a disengaged tool) 
of 12 μm was observed during resonance. 
2. Cutting tool 
For all the cutting experiments a sintered carbide-
coated tools was employed, as it is the most used 
industrially and recommended by several researchers 
[13, 14, 18]. A tool featuring a large nose radius (800 
μm), a medium-finish chip breaker and a tough micro-
grain structure suitable for intermittent operations on 
super-alloys and high speed steels is preferred (see Table 
2). Tool coating (CP500) consisted of PVD layers of 
titanium-aluminide nitride deposited over a titanium 
nitride coating priming layer, which guarantees 
adhesion. The tool vibration is orthogonal to the feed 
direction of work-piece as shown in Figure 2. 
Table 2: Cutting tool specifications [15] 
Tool maker SECO 
Tool part number DNMG 150608 MF1 CP500 
Tool material Micro-grain cemented 
carbide 
Coating (Ti,Al)N-TiN 
Tool nose radius, rn [mm] 0.8 
Nose angle 55° 
Cutting edge radius [μm] 25 
Rake angle 14°6’ 
Relief angle 0° 
3. Work-piece material 
3.1. Ti-15-3-3-3 
Ti-15-3-3-3 belongs to the family of ȕ-Ti alloys with 
significant precipitation hardening characteristics. The 
Ti-15V-3Al-3Cr-3Sn meta-stable alloy was prepared by 
solution treating and aging by annealing at 790°C for 30 
minutes followed by water quenching. The resulting 
material is primarily ȕ-phase. Material properties of the 
alloy are presented in Table 4. 
Table 3: Chemical composition of Ti 15-3-3-3 (%) 
Ti V Al Cr Sn 
76 15 3 3 3 
 
Table 4: Material properties of Ti 15-3-3-3 alloy 
Heat treatment Solution treated and aged 
Young’s modulus, E [GPa] 87 
Density, ʌ [kg/m3] 4900 
Thermal conductivity, k [W/K m] 8.08 
Tensile strength UTS, [MPa] 790 
Hardness [Rockwell B]  95 
3.2. Ni 625 
The Ni-625 alloy belongs to the group of the į, Ȗ
alloys. It is characterized by a fine-grain structure during
casting (due to the į phase) and excellent hardening
potential by phase precipitation (Ȗ phase and carbides
dissolution). The chemical composition of the alloy is
presented in Table 4. Due to its low carbon content the
alloy demonstrates excellent resistance to inter-
crystalline corrosion when annealed at 980°C for 3
hours. Solution treatment at 1120°C improves the
hardening potential for high-temperature applications
(Table 5). 
Table 4: Chemical composition of Ni-625 (%) [2] 
Ni Cr Fe Mn Si 
58 22.1 4.73 0.11 0.1 
Mo Co Al Ti Nb+Ta 
9.1 0.08 0.21 0.33 3.4 
 
Table 5: Material properties of Ni-625  
Young’s modulus, E [GPa] 205 
Thermal conductivity, k [W/K m] 9.8 
Tensile strength UTS, [MPa] 880 
Hardness [Rockwell B] 97 
 
4. Machining experiments  
Earlier experiments with the UAT were performed at
Loughborough University with an initial setup [14, 18]
and resulted in approximately 60% cutting force
reduction while machining Inconel-718 [17, 18].
Improvements made to the setup with respect to
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increasing static and dynamic rigidity of the system, led 
to large reduction in cutting forces not previously 
reported. 
In the following section, the experimental results 
obtained with the new setup for both UAT and CT are 
presented. Each experimental test lasted for 
approximately 100 seconds. During the first 10 seconds 
the depth-of-cut was set, then 30 seconds of 
conventional turning followed. After that, the ultrasonic 
generator was switched on and - after a transient time of 
approximately 5 seconds - UAT cutting conditions were 
kept for approximately 30 seconds. At that point CT 
conditions were reinstated before stopping the 
experiment and removing the contact between the tool 
and the work-piece. Between subsequent experimental 
runs the cutting tool was allowed to cool to reach room 
temperature in order to prevent an excessive heat 
buildup in the tool due to the absence of external 
cooling. The tool was frequently changed between 
experiments to eliminate the effect of its wear on our 
experimental results. 
 
 
Figure 2: Cutting force components for CT and UAT (Ti-15-3-3-3) 
The ultrasonic vibration was superimposed in a 
direction parallel to the cutting velocity (tangential 
mode). From the theory of one-dimensional interaction 
between the tool and work-piece it is possible to define a 
critical cutting speed velocity (ୡሻ with respect to the 
cutting speed of the work-piece ().The critical cutting 
speed is directly related to the machining parameters: 
ୡ ൌ ʹɎ     (1) 
 ൌ Ɏ     (2)
where  is the rotational speed of the lathe,  is the 
diameter of the work-piece, and   and   are the
amplitude and frequency of the imposed vibration,
respectively. It should be noted that complete tool-work-
piece separation will be ensured for each cycle only for
ୡ ൐   thus making UAT effective [15]. Cutting
parameters in our experiments were chosen to satisfy
this condition. 
5. Ti-alloy cutting experiments 
The depth of cut (ap) from 100 to 300 μm and the
cutting speed () of 10 m/min were selected for the Ti-
alloy. The tangential and radial components of cutting
force were measured. The axial component was not
taken into consideration as it was observed to be an
order of magnitude lower than the smaller of the two
other force components (radial force), due to the large
nose radius coupled with small depth of cut. The
averaged cutting force components from 9 different
cutting experiments are presented in Fig. 2. A noticeable
reduction in the cutting force components was observed
for ultrasonic cutting conditions. A reduction of 70-75%
was measured for the tangential component (main
cutting force) with a 71-88% force reduction in the
radial component. Reductions up to 40% are expected
due to the reduced contact time of the cutting insert with
the work-piece: the intermittent contact between tool and
work-piece would effectively reduce the friction at the
rake plane virtually increasing the shear angle. However,
the larger reduction observed show how ultrasonic
softening is present as a noticeable effect in Ti alloys. 
CT of ȕ-Ti alloys is typically associated with low
MRR. Increasing the MRR is a valuable potential
advantage of UAT. Extensive preliminary experiments
have demonstrated that for the same magnitude of
cutting forces, it is possible to machine in UAT at a
depth of cut that is roughly 3 times higher than that in
CT [16]. Thus, conservatively a value of a 200%
increase in MRR is expected in UAT for such cutting
conditions. These advantages, coupled with the absence
of chatter at high ap during the machining operations
makes UAT a novel technique in machining of ȕ-Ti
alloys. 
The surface finish of the machined work-piece is an
important factor in metal cutting. Diminished surface
defects reduce the need for expensive finishing steps.
For our surface analyses a Zygo 3D scanning
interferometer (model NV5000-5010) was used, and the
obtained data was post-processed with the Taylor-
Hobson Talymap Platinum 3D surface analysis software. 
Table 6: Comparison of surface quality parameters for Ti-alloy 
Method Rz Ra Sq 
CT 8.1±1.1 1.72±0.3 2.68±0.53 Figure 2: Cutting orce components for CT and UAT (Ti-15-3-3-3) 
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UAT 6.5±1.7 1.08±0.25 2.03±0.51 
Method Rsk Rku PSm 
CT 0.36±0.39 2.3±0.64 112.3±35 
UAT 0.55±0.29 2.98±0.62 67±17 
 
Measurements were taken over 18 selected areas for 3 
different zones on the turned work-piece for CT and 
UAT. Surface roughness measurements for ap=100 μm 
in CT and UAT are presented in Table 6. Reduced Rz, 
Ra and Sq values for the UAT surface imply a reduction 
in surface irregularities with a more uniform surface. 
This observation is also confirmed by the values of 
Rsk and Rku, showing a surface with thinner peaks in 
UAT. The reduction of the spacing parameter PSm to a 
value smaller than the feed rate implies probable 
presence of spurious vibration in axial direction while 
machining in the UAT mode. The ultrasonic softening 
also plays an important role in this case, softening the 
work-piece material and rendering the cutting process 
easier. 
6. Ni-alloy cutting experiments 
Ni-based alloys typically have a higher coefficient of 
friction, which results in higher cutting forces and 
accelerated wear of a cutting tool. For these reasons we 
restricted the experiments to a maximum depth of cut of 
200 μm. Other cutting parameters were the same as 
those used for machining of Ti-15-3-3-3. Each 
experiment was repeated more than 3 times in order to 
obtain statistically significant experimental data. For our 
study, we imposed ap = 50, 100, 150 and 200 μm. 
 
 
Figure 3: Cutting force components in CT and UAT (Ni 625) 
The measured cutting-force components are presented 
in Figure 3. Noticeable reduction in the tangential 
component of the cutting force of 70-80% was observed 
during UAT. The radial component showed also a
reduction by 60-80% while machining in the UAT
mode. The cutting forces in UAT for the Ni-based alloy
appear to be approximately double than that of the ȕ-Ti
alloy material for ap=100 μm. However ultrasonic
softening is noticeable even in this case effectively
reducing the cutting forces. The increased strain-
hardening properties of the Ni- alloy were responsible
for the higher cutting forces both in CT and UAT. A
study of surface quality was performed for a depth of cut
of 50 μm. Less noticeable improvements on the surface
finish were observed for the machined surface of the
work-piece in UAT when compared to the machined
work-piece surface in CT. In general, the overall
improvement is smaller when compared to the
machining of Ti-alloy (Table ). 
Table 7: Comparison of surface quality parameters for Ni-alloy 
Method Rz Ra Sq Rsk Rku PSm 
CT 3.075 0.52 0.99 0.39 2.73 40.6 
UAT 3.28 0.51 0.81 0.43 2.67 60.35 
 
7. Conclusions 
The UAT setup developed at Loughborough
University show to improve machinability of two
difficult-to-machine alloys. 
Main results can be summarized as follows: 
• The average reduction of the primary cutting force 
(tangential component) in UAT was over 70% for the 
both alloys when compared to CT. Significant 
ultrasonic softening was observed in both of them. 
• Significant improvement of surface quality in UAT 
was observed for the Ti-based alloy with marginal 
improvement for the Ni- based alloy.  
• It is expected that lower cutting forces could 
potentially reduce residual stresses in the machined 
work-piece. 
• The MRR achievable in UAT is expected to be 2 to 3 
times larger than the one obtainable with CT for the 
same level of cutting forces. 
The reported improvements in the UAT of intractable
materials demonstrate its advantages for turning such
materials together with its viability and industrial
relevance. 
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